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Given existing empirical spectral patterns of excited hadrons it has been suggested that chiral 
symmetry is approximately restored in excited hadrons at zero temperature/density (effective sym- 
metry restoration). If correct, this implies that mass generation mechanisms and physics in excited 
hadrons is very different as compared to the lowest states. One needs an alternative and independent 
experimental information to confirm this conjecture. Using very general chiral symmetry arguments 
it is shown that strict chiral restoration in a given excited nucleon forbids its decay into the Ntt 
channel. Hence those excited nucleons which are assumed from the spectroscopic patterns to be in 
' approximate chiral multiplets must only "weakly" decay into the Ntv channel, (/at* Ar,r//jvAr,r)^ <C 1. 

I However, those baryons which have no chiral partner must decay strongly with a decay constant 

. comparable with /nntt- Decay constants can be extracted from the existing decay widths and 

^Nj ' branching ratios. It turnes out that for all those well established excited nucleons which can be 

classified into chiral doublets iV+(1440) - N-{1535), iV+(1710) - ^-(1650), iV+(1720) - iV_(1700), 
iV+(1680) - iV-(1675), iV+(2220) - Af-(2250), iV+(?) - N-{2190), N+{?) - iV_(2600), the ratio is 
' {Jn' Ntt / /nntt)'^ ~ 0.1 Or much smaller for the high-spin states. In contrast, the only well estab- 

lished excited nucleon for which the chiral partner cannot be identified from the spectroscopic data, 
, A''(1520), has a decay constant into the Ntv channel that is comparable with /nn-k- This gives an 

independent experimental verification of the chiral symmetry restoration scenario. 

' PACS numbers: 11.30.Rd, 14.20.Gk, 12. 38. Aw 

i' 1. Introduction. The question of mass generation in QCD and the related question about interconnections 
^ , of chiral symmetry and confinement are central for QCD in the infrared. To answer these questions one must 
understand spectral and other properties of hadrons in the light quark sector. A long history of studies in this area 
has not suggested any satisfactory answer. Given existing spectroscopic patterns it has recently been suggested that 
chiral and U{1)a symmetries of the QCD Lagrangian, strongly broken in the vacuum, get approximately restored in 
^ , excited hadrons [l], [3j B 01 j ^^r a review see ref . [H] ■ This would imply that physics and in particular mass generation 

mechanisms in the lowest and excited hadrons are very different. 

■ rii 

, The nucleon excitation spectrum is shown in Fig. 1 of ref. [5| . Only well-established states have to be seriously 
' considered. It is well seen that there is no obvious chiral partner to the nucleon. This implies that chiral symmetry 
, breaking effects are very strong in the given case and consequently the chiral symmetry is realized nonlinearly in the 
nucleon 0] . This is consistent with the well-known result that the mass of the nucleon is (at least mostly) induced by 
C — ■ ] the quark condensate of the vacuum [§] . This is supported by the empirical success of the Goldberger-Treiman relation, 
which also implies that the nucleon mass comes from the chiral symmetry breaking in the vacuum 0] . Another clear 
^ indication of the strong chiral symmetry breaking effects in the nucleon is a large pion- nucleon coupling constant. All 
empirical successes of chiral perturbation theory for the nucleon also implicitly rely on the assumption that the 
nucleon mass is due to chiral symmetry breaking in the vacuum. These results, taken together, suggest that there is 

■ no chiral partner to the nucleon. 
Obvious approximate parity doublets are observed in the 1.7 GeV region. These have been assigned to the (0, 1/2) -f 

(1/2, 0) representation of the parity-chiral group because there are no approximately degenerate doublets in the same 
mass region in the spectrum of the delta-resonance Q . A clear testable prediction of the chiral symmetry restoration 
scenario is an existence of chiral partners of the well established high-l ying resonances iV(2190) and A^(2600). A 
dedicated experimental search of these missing states can be undertaken [1]|. A similar situation takes place in the 
Delta-spectrum. 

While these parity doubling patterns are impressive, they are still only suggestive, because so far no other comple- 
mentary experimental data would independently tell us that these parity doublets are due to effective chiral symmetry 
restoration. Strict chiral restoration in a given baryon would imply that its diagonal axial charge is zero and hence 
the diagonal coupling constant to the pion must vanish 0,[l2, 13|, l3|- An experimental verification of the smallness 
of these quantities for approximate parity doublets would be a confirmation of the chiral restoration scenario. How- 
ever, it is unclear how to extract this information from the existing data. Hence it is important to find alternative 
experimental signatures of chiral restoration. 

A different assignement of excited baryons was discussed in ref. [l^ , where some of the excited nucleons below the 
1.7 GeV region have been combined with the delta-resonances into quartets of the (1, 1/2) + (1/2, 1) representation. 
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Such an assignement requires a large pion-baryon coupling constant [l^ , because there is a large mass splitting between 
the assumed members of the quartets, and hence does not correspond to the effective chiral symmetry restoration 
regime. 

There is rich experimental data on strong decays of excited hadrons. It turnes out that the effective chiral restoration 
implies a very strong selection rule. Namely, it predicts that if chiral symmetry is completely restored in a given excited 
nucleon (B), then it cannot decay into the ttN channel, i.e. the coupling constant fsN-n must vanish. This selection rule 
is based exclusively on general properties of chiral symmetry, what will be demonstrated below, and hence is model- 
independent. Such a coupling can be extracted from the existing decay data , 113] ■ Then an independent verification 
of the chiral symmetry restoration scenario would require that those excited nucleons that are approximate parity 
doublets, only "weakly" decay into the ttN channel, {fsNTv/ Inntt)^ "C 1, and, on the contrary, those excited nucleons, 
to which the chiral partner cannot be identified from the spectroscopic data, must decay strongly, (/sAfTrZ/jVA'Tr)^ ~ 1- 

2. Let us review first the question whether there are or not chiral symmetry constraints for a magnitude of the ttNN 
coupling (well known from the sigma-model derivations @, 0, Q)- As a starting point for the chiral symmetry analysis 
it is always useful to consider the linear realization of chiral symmetry. The standard assumption is that the pion 
field (together with the sigma field or quark condensate) transform as (1/2, 1/2) of SU{2)l x SU{2)b.- Throughout 
the paper we ignore small quark masses. The very absence of an independent chiral partner to the nucleon implies 
that the nucleon field N in the Wigner-Weyl mode transforms as (0, 1/2) + (1/2, 0) and is massless. Its chiral partner 
is 75iV. The axial transformation law is then 



iV^cxp(*75^)7V. (1) 

Then one can construct the ttNN vertex as 



~ iVe^^^T^TAT. (2) 

This vertex is chiral-invariant (chiral scalar) because the axial rotation of the nucleon field is compensated by the 
rotation of the pion field. A strength of the interaction is fixed by the coupling constant which is an external parameter 
and can have any arbitrary value. Hence we conclude that chiral symmetry does not restrict the ttNN interaction 
which can be arbitrarily strong. In the Nambu-Goldstonc mode the nucleon field becomes massive due to its coupling 
with the chiral order parameter. The axial current conservation connects this nucleon mass and axial charge via the 
Goldberger-Treiman relation with the pion- nucleon coupling constant, gNNir = ^^y^. Hence the large pion- nucleon 
coupling constant encodes a physical origin of the nucleon mass as due to chiral symmetry breaking in the vacuum. 
In other words, the large nNN coupling constant can be used as a natural unit for strong chiral symmetry breaking 
effects in a baryon. 

3. Assume that we have a free 7=1/2 chiral doublet B in the (0, 1/2) + (1/2,0) representation and there are no 
chiral symmetry breaking terms. This doublet is a column [9| 

B^{1:). (3) 

where the bispinors _B+ and B_ have positive and negative parity, respectively, because the parity on the doublet 
space is defined to be 

P: B{x,t)^a3joB{-x,t). (4) 
The chiral transformation law under the (0, 1/2) © (1/2, 0) representation provides a mixing of two fields B+ and B- 



qa a\ / na a 

S ^ exp ( 1-5^ ] B; B ^ exp i i^^a^ ] B. (5) 



Here ai is a Pauli matrix that acts in the 2x2 space of the parity doublet. Then the chiral-invariant Lagrangian of 
the free parity doublet is given as 
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£0 = iBYd^,B -m^BB 

= iB+j''df,B+ + iB-^ff^d^B- - mQB+B+ - moB-B-. (6) 

Alternative forms for this Lagrangian can be found in r efs. [il,[l9|. 

A crucial property of this Lagrangian is that the fermions and B^ are exactly degenerate and have a nonzero 
chiral-invariant mass toq. In contrast, for usual (Dirac) fermions chiral symmetry in the Wigner-Weyl mode restricts 
particles to be massless. 

From the axial transformation law ([5]) one can read off the axial charge matrix, which is jscri. Hence the diagonal 
axial charges of the opposite parity baryons are exactly 0, 5+ = (?^ = 0, while the off-diagonal axial charge is 1, 
I = l^^^l = 1. This is another crucial property that distinguishes the parity doublets from the Dirac fermions 
where = 1. The axial vector current conservation translates this axial charge matrix into the TrB±B± coupling 
constants which are zero. Hence a small (vanishing) value of the pion-baryon coupling constant taken together with 
the large baryon mass would tell us that the origin of this mass is not due to chiral symmetry breaking in the vacuum. 
As discussed in the introduction part an experimental verification of the smallness of the diagonal axial charges or 
smallness of the pion-baryon coupling constants would be a direct verification of the chiral symmetry restoration 
scenario in excited nucleons. It is unclear, however, how to measure these quantities. 

4. Consider a possible B±Ntt vertex. Since these parity doublet baryons B+,B^ are in the (0,1/2) © (1/2,0) 
representation, like the nucleon, on the first value the chiral-invariant vertex BNt: is possible. This is incorrect, 
however. The reason is that the axial transformation laws for the nucleon field and for the parity doublet fields are 
very different, because they live in different linear spaces. While the axial rotation of the nucleon field is compensated 
by the chiral transformation of the pion field in the vertex ([2|), so this vertex is chiral-invariant, such a compensation is 
impossible if one of the legs of this vertex is substituted by B± . Consequently one cannot construct a chiral-invariant 
interaction vertex B±Nt:. Hence decay of the parity doublets with completely restored chiral symmetry into Nt: is 
impossible. [23| However, their decay into e.g. Np or Nnn is not forbidden. 

If, in contrast, the excited baryon has no chiral partner, then its mass, like in the nucleon case is exclusively due to 
chiral symmetry breaking in the vacuum. Its axial charge should be comparable with the nucleon axial charge. Then 
nothing forbids its strong decay into Ntt. One then expects that the decay coupling constant should be of the same 
order as the pion- nucleon coupling constant. These two extreme cases suggest that a magnitude of the BNir decay 
constant can be used as an indicator of the mass origin. 

5. In reality, of course, chiral symmetry is never completely restored in excited hadrons. To account a small amount 
of chiral symmetry breaking contribution one must add into Lagrangian terms that provide a coupling of the given 
hadron with the vacuum. Then the baryon mass can be split into two different parts: (i) chiral-invariant toq and 
(ii) chiral " non- invariant" m' . The latter is due to coupling of the hadron with the chiral-noninvariant vacuum (i.e. 
with the quark condensate). However, if the coupling with the quark condensate is weak and consequently the chiral 
symmetry breaking mass to' is small, to' <^ toq, then the decay into TVvr must be strongly suppressed. The magnitude 
of m' can be determined from the chiral asymmetry parameter 0, Q 



^ \Mb^ - Mb_ I 

^ Mb^ + Mb_ ■ ^ ' 

This papameter can be interpreted as a part of the hadron mass due to chiral symmetry breaking in the vacuum. 
Chiral asymmetries of the excited nucleons in the 1.7 GeV mass region and above are typically within 0.02. Hence, 
if these parity doublets are indeed due to the effective symmetry restoration, then their decay into A^vr must be very 
strongly suppressed. 

6. Now we can formulate predictions of the chiral symmetry restoration scenario. If a state is a member of an 
approximate chiral multiplet and x ^ 1, then its decay into A^vr must be strongly suppressed, {/bntt/Inntt)^ <C 1. 
If, on the contrary, this excited hadron has no chiral partner and hence its mass is due to chiral symmetry breaking 
in the vacuum, then it should strongly decay into Ntt and hence {fBN-n/fNN-nY ^ 1- In the following section we 
demonstrate that this prediction is in accord with the existing data. 

7. Given the well-known Rarita-Schwinger formalism for the higher-spin fields, one can construct phenomenological 
BNtt Lagrangians. Then decay constants Jbntt can be extracted from the B ~* N + n decay widths, see e.g. [lil Il7|. 
The pion-nucleon coupling constant is well-known, Jnn-k = 1-0. In Table 1 we show ratios {fBNir I Inn-kY' for all 
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TABLE I; Chiral multiplets of excited nucleons. Comments: (i) All these states are well established and can be found in the 
Baryon Summary Table of the Review of Particle Physics, (ii) There are two possibilities to assign the chiral representation: 
(1/2, 0) ® (0, 1/2) or (1/2, 1) ® (1, 1/2) because there is a possible chiral pair in the A spectrum with the same spin with similar 
mass, (iii) The missing chiral partner is predicted. 



Spin 


Chiral multiplet Representation x (/fl+]V7r//]VJV7r)^ — (/b_ 


_jV7r//]VJV7r)^ Comment 


1/2 


iV+(1440) - A/'_(1535) (1/2,0) © (0,1/2) 0.032 0.15 - 0.026 


(i) 


1/2 


iV+(1710) ~ Af_(1650) (1/2,0) © (0,1/2) 0.02 0.0030 - 0.026 


(1) 


3/2 


iV+(1720) - A/'_(1700) (1/2,0) © (0,1/2) 0.01 0.023 - 0.13 


(i) 


5/2 


Ar+(1680) -iV_(1675) (1/2, 0) © (0, 1/2) 0.002 0.18 - 0.012 


(i) 


7/2 


iV+(?) - Ar_(2190) see comment (ii) ? ? - 0.00053 




9/2 


iV+(2220) - A/'- (2250) see comment (ii) 0.01 0.000022 - 0.0000020 


(i),(ii) 


11/2 iV+(?) - Af_(2600) see comment (ii) ? ? - 0.000000064 




3/2 


A- (1520) no chiral partner - 2.5 


(i) 



well-established states. It is well seen that this ratio is ~ 0.1 or smaller for approximate J = 1/2,3/2,5/2 parity 
doublets. For the high-spin states this ratio is practically vanishing. This is consistent with the recent demonstration 
of the large J-rate of chiral restoration within the only known exactly solvable confining and chirally-symmetric model 
[20| . In contrast, the only well-known state J = 3/2, Af_(1520), where a chiral partner is missing in the spectrum, 
decays very strongly into the A^vr channel. Hence chiral symmetry breaking effects are as large in this case as in the 
nucleon. Consequently its physical origin should be very different as compared to all other resonances which can be 
classified into parity doublets. 

In conclusion, the effective chiral symmetry restoration conjecture is now supported by strong decays of excited 
nucleons. A decay of the strict parity doublets into the Nt: channel is forbidden by chiral symmetry, assuming that 
there is no independent chiral partner to the nucleon. Hence a fraction F^/r of the Nt: decay channel becomes small, 
even though decays into other channels (not protected by chiral symmetry) are strongly suppressed by the phase 
space factor. 

L.Ya.G. is grateful to Tom Cohen for useful comments and to Dan Riska for correspondence. Support of the 
Austrian Science Fund through grant P19168-N16 is acknowledged. 
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[22] This statement can also be proven in the following way. Assume that a nN decay of an exact parity doublet is possible. 
Then there must be a self-energy contribution B± nN B± into its mass. Then the axial rotation ^ would require 
that the S-wave ttN state transforms into the P-wave nN state. However, in the Nambu-Goldstone mode the axial rotations 
of the pion and nucleon states are fixed - these are the nonlinear axial transformations p^ . Given these well known 
axial transformation properties of the Goldstone boson and nucleon it is not possible to rotate the S-wave nN state into the 
P-wave nN state. Therefore, there cannot be any nN self-energy component in B±. Hence a decay B± — > nN is forbidden. 



